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Nuclear trafficking of proteins requires the cooperation between soluble transport components and nucleoporins. As such, classical nuclear
import depends on the dimeric carrier importin-α/β1, and CAS, a member of the importin-β family, which exports importin-α to the cytoplasm.
Here we analyzed the effect of oxidative stress elicited by diethyl maleate (DEM) on classical nuclear transport. Under conditions that do not
induce death in the majority of cells, DEM has little effect on the nucleocytoplasmic concentration gradient of Ran, but interferes with the nuclear
accumulation of several reporter proteins. Moreover, DEM treatment alters the distribution of soluble transport factors and several nucleoporins in
growing cells. We identified nuclear retention of importin-α, CAS as well as nucleoporins Nup153 and Nup88 as a mechanism that contributes to
the nuclear concentration of these proteins. Both nucleoporins, but not CAS, associate with importin-α in the nuclei of growing cells and in vitro.
Importin-α generates high molecular mass complexes in the nucleus that contain Nup153 and Nup88, whereas CAS was not detected. The
formation of high molecular mass complexes containing importin-α, Nup153 and Nup88 is increased upon oxidant treatment, suggesting that
complex formation contributes to the anchoring of importin-α in nuclei. Taken together, our studies link oxidative stress to the proper localization
of soluble transport factors and nucleoporins and to changes in the interactions between these proteins.
© 2007 Elsevier B.V. All rights reserved.Keywords: Stress; Oxidant; Nucleus; Nuclear transport1. Introduction
The appropriate response to stress is fundamental to cell
survival and the recovery from different insults, such as oxidant
exposure [1–4]. Oxidative stress generated by the increase in
reactive oxygen species (ROS) is the most prominent insult that
causes ischemia/reperfusion injury, which can lead to apoptoticAbbreviations: BSA, bovine serum albumin; cNLS, classical NLS; DAPI,
4′,6-diamidino-2-phenylindole; GFP, green fluorescent protein; GFP-β-gal,
GFP-β-galactosidase; GR, glucocorticoid receptor; NE, nuclear envelope; NLS,
nuclear localization sequence; NPC, nuclear pore complex; NP40, Nonidet P-40
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doi:10.1016/j.bbamcr.2007.10.022or necrotic cell death [5–8]. ROS-mediated stress contributes to
cell death not only in cardiovascular diseases and stroke, but
also in Alzheimer's disease and many other neurodegenerative
disorders and syndromes [7–9]. The glutathione/glutathione
disulfide (GSH/GSSG) system is one of the major contributors
to redox homeostasis and of particular importance to the
intracellular redox state [5–8,10]. Changes in the GSH/GSSG
ratio have been observed for several human diseases,
pathologies and during aging (reviewed in [11]). Oxidative
stress affects many intracellular processes, and DEM treatment
may affect protein modification, cell biochemistry, physiology
and even behavior of an organism [12–15]. At present, not all of
the consequences of oxidative stress are understood at the
molecular level. In particular, the impact on nuclear transport is
only beginning to emerge.
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require a specialized transport apparatus which includes
members of the importin-β family [16,17]. For instance,
classical nuclear import relies on importin-β1 and the adaptor
importin-α. Together, importin-α/β1 generate a dimeric nuclear
import receptor that recognizes classical nuclear localization
sequences (cNLS) in the cytoplasm, transports cNLS-containing
cargo across the nuclear pore complex (NPC) and delivers this
cargo to the nuclear side of the NPC. Once in the nucleus,
binding of RanGTP to importin-β1 dissociates the importin-α/
β1/cargo complex. Upon delivery of the cargo to the nucleus,
importin-α and importin-β1 return independently to the
cytoplasm. Importin-α is exported to the cytoplasm by CAS
(cellular apoptosis susceptibility protein), a carrier of the
importin-β family, and RanGTP is necessary to generate trimeric
export complexes [18]. Importin-α and CAS are not only
involved in nuclear transport, but also in other cellular processes
(reviewed in [19–21]).
Like nuclear carriers, nucleoporins play a key role in moving
cargo across the NPC, as they provide sites for the translocation
of import and export complexes. Nucleoporins are organized
into modules that generate defined components of the NPC [22];
they may be involved in nuclear import and/or export of
macromolecules. Some nucleoporins are stably bound to NPCs,
whereas others play a more dynamic role and reversibly interact
with the nuclear pore [23]. Nup153 and Nup50 are dynamic
nucleoporins predominantly located on the nuclear side of the
NPC, where they participate in nuclear trafficking. As such,
Nup153 is implicated in nuclear import and export of protein and
RNA [24], whereas Nup50 plays a role in the final step of
classical nuclear import by interactingwith the adaptor importin-
α (reviewed in [25]). Nup50 may increase the efficiency of
classical protein import by promoting the disassembly of
transport complexes at the nuclear side of the NPC [26]. On
the cytoplasmic side, nucleoporins Nup214 and Nup88
contribute to CRM1-mediated nuclear export of proteins,
ribosomal and other types of RNA (reviewed in [27]). Together
with Nup214, the nucleoporin Nup88 is a structural component
of cytoplasmic NPC filaments, but also present on the nuclear
side of the NE, suggesting functions inside the nucleus [28].
Classical nuclear import in higher eukaryotes and yeast is
sensitive to various forms of stress [29–32]. Ultimately, severe
stress conditions inhibit nuclear transport and may also lead to
cell death [31]. The molecular mechanisms that link oxidative
stress to changes in nuclear trafficking are presently not under-
stood, and little is known about the impact of stress and oxidants
in particular on nucleoporin localization. This prompted us to
analyze how non-lethal oxidative stress, conditions that are
likely to mimic the oxidant-induced physiological changes
observed upon ischemia/reperfusion injury and other patholo-
gies, affects the classical nuclear import apparatus. To gain
further insight into these questions, we exposed human culture
cells to the oxidant diethyl maleate (DEM). DEM is a weak
electrophile that can deplete GSH pools by alkylation of its SH-
group [33,34] and has been used widely to generate oxidative
stress. Our studies now demonstrate that the exposure to DEM
interferes with classical nuclear import, redistributes transportcomponents, induces the formation of high molecular mass
complexes in nuclei and the nuclear retention of several soluble
transport components and nucleoporins that participate in nu-
clear protein import and export.
2. Materials and methods
2.1. Growth and stress exposure of HeLa cells
HeLa cells were grown in multiwell chambers to 50 to 70% confluency [35]
and subjected to incubation with DEM or the solvent ethanol as indicated. All of
the results were obtained for at least three independent experiments.
2.2. Flow cytometry
Cell death was analyzed by staining with annexin-V-fluorescein combined
with propidium iodide. In brief, two 100-mm dishes were incubated with ethanol
or 2 mM DEM for 4 h at 37 °C. Attached cells and cells in the medium were
washed with PBS and together incubated overnight in fresh medium. The next
day, cells attached to the dish were collected by trypsination and combined with
cells in the medium. After washing in PBS, cells were incubated with annexin-
V-fluorescein and propidium iodide according to the manufacturer (Roche,
Germany). Binding of annexin-V-fluorescein and propidium iodide was
quantified by flow cytometry.
2.3. Analysis of nuclear protein import in growing cells
Nuclear protein import was analyzed with NLS-GFP as previously described
[31] and with GFP-tagged glucocorticoid receptor essentially as in reference
[36]. Endogenous import cargos HuR and galectin-3 were located as described
in Section 2.4.
2.4. Immunofluorescent staining
All steps were carried out essentially as described [37]. Antibodies against the
following proteins were used: Ran (sc-1156, Santa Cruz Biotechnology, CA),
HuR, importin-α1, CAS and α-tubulin (sc-5261, sc-6917, sc-1708, sc-5286),
galectin-3 (Thermo Fisher, Fremont, CA), 7A8 is specific for Nup153 [38] (gift
of Dr. Franke, Heidelberg). Primary antibodies were used as suggested by
the suppliers; supernatant 7A8 was diluted 1:100. Anti-Nup50 was a gift of
Dr. Gerace, La Jolla. Bound primary antibodies were detected with Cy3-con-
jugated secondary antibodies (1:500, Jackson ImmunoResearch, West Grove,
PA). DNA was visualized with 4′,6-diamidino-2-phenylindole (DAPI) and
samples were mounted in Vectashield (Vector Laboratories, Burlingame, CA).
Cells were analyzed with a Zeiss 510 LSMor a Nikon Optiphot and photographed
with Kodak T-MAX 400 films. Images were processed with Photoshop 5.5 and
8.0.
2.5. Data analysis
Images were collected using the ImageXpress Micro automated imaging
system fromMolecular Devices (Sunnyvale, CA) using excitation from a 300W
Xenon light source and a CoolSnapHQ CCD camera (Photometrics, Tucson,
AZ). Images were collected using 2×2 camera binning with a Nikon ×40
PlanFluor ELWD (0.60 NA) objective using the automated focusing option in
the MetaXpress software to find the cover slip-mounting media interface and
then offset by a fixed amount to image the nuclear DAPI staining (Chroma
Technologies Corp, Rockingham, VT, #49000) with 20 ms exposure times.
Images were than taken in the same image plane for either NLS-GFP or GR-GFP
using the FITC cube with 3182 ms exposure times (Chroma Technologies Corp,
Rockingham, VT, #49002) or endogenous HuR and galectin-3 using the Cy3
cube with 3182 exposure times (Chroma Technologies Corp, Rockingham, VT,
#49005). Between 55 and 100 cells were analyzed for each condition. Image
analysis was performed using the MetaXpress software and the Multi-
wavelength Cell Scoring module as described [39] or the Translocation
Enhanced Module. For the Translocation Enhanced Module nuclei were
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DAPI staining over local background of N5 intensity units. The segmentation
regions identified by DAPI staining were then used to measure intensities of the
GFP or Cy3 images. An inner region corresponding to the nuclear intensity was
identified as the area 0.9 μm from the edge of the segmentation identified by
DAPI staining. The outer region was identified as a ring 0.5 μm from the edge of
the segmentation identified by DAPI staining with a width of 0.8 μm,
corresponding to the cytosolic intensity. All images were corrected for
contributions from background intensity using regions of the images that did
not contain cells. Ratios of the average intensities of nuclear/cytosolic regions
were calculated for individual cells. All segmentation data sets were inspected
manually to ensure accuracy of the data and cells with inaccurate segmentation
were removed from the analysis.
2.6. Purification of proteins synthesized in Escherichia coli and
labeling with tetramethylrhodamine
Tagged proteins were synthesized in E. coli and purified under native
conditions following standard procedures. Purified importin-α or CAS was
labeled with tetramethylrhodamine-maleimide (TMR, Molecular Probes) over-
night on ice as recommended by the supplier. Non-incorporated dye was
removed by gel exclusion chromatography with Sephadex G-25.
2.7. In vitro nuclear import of importin-α and CAS
Import of TMR-labeled importin-α or CAS was analyzed in semi-intact
HeLa cells at a final concentration of 400 nM in transport buffer [40]. Import
assays were supplemented with 3 mg/ml cytosol prepared from control or DEM-
treated HeLa cells (4 h, 2 mM DEM) as indicated. After 5 min at 30 °C, samples
were fixed and stained with DAPI. Transport factors were localized by
fluorescence microscopy and intranuclear fluorescence was quantified.
2.8. Measurement of mean intranuclear fluorescence for in vitro
import assays
To quantify intranuclear fluorescence of TMR-labeled importin-α or CAS,
cells were optically sectioned using a Zeiss 510 LSM laser-scanning confocal
microscope with a ×63 objective (NA 1.4, full width half maximum of 0.65 μm
for the optical slice at the pinhole setting used). A single optical slice through the
center of the nucleus was chosen for quantitation. The effective nuclear
thickness is much greater than the optical slice thickness under our imaging
conditions, therefore cytosolic fluorescence should not contribute to the
measured intensity. Average pixel intensities over the nuclei were quantified
using Metamorph software (Universal Imaging). Fluorescent signals for 53 to 59
individual cells and background intensities were determined for each of the
conditions. All images to be directly compared were taken under identical
microscope settings using appropriate rhodamine optics.
2.9. Statistics
To measure fluorescence signals in nuclei and cytoplasm, data for at least 50
cells were acquired for each of the different conditions. Data were obtained for at
least three independent experiments. Results are shown as means±STDEV and
Student's t test (two-tailed) for unpaired samples was carried out to identify
significant differences.
2.10. Western blot analysis
HeLa cells were grown on dishes to 50 to 70% confluency. Cells were
stressed as described above, washed with PBS and stored at −70 °C until use.
Crude extracts were prepared by solubilizing proteins in gel sample buffer, pH
8.0, containing protease inhibitors (aprotinin, leupeptin, pepstatin, each at 1 μg/
ml; 1 mM PMSF), 20 mM β-glycerophosphate, 1 mM NaN3, 2.5 mM NaF.
Samples were incubated for 10 min at 95 °C and vortexed with glass beads to
shear DNA. After centrifugation (5 min, 13,000 rpm, microfuge) equal amounts
of protein were separated by SDS-PAGE. Proteins were blotted to nitrocelluloseand blots processed as described [31]. Antibodies were used at the following
dilutions: Nup153, (1:200); mab414 (1:5,000; BabCo, Richmond, CA), Nup88
(1:100; Novocastra, Newcastle, UK, or 1:1,000; BD Biosciences; Mississauga,
ON); hsc70 (1:2,000; SPA-815 and SPA-816, Stressgen); actin (1:1,000,
Chemicon, Temecula, CA). All other antibodies were purchased from Santa
Cruz Biotechn.: importin-α1 (1:500, sc-6917), importin-β1 (1:400, sc-11367),
CAS (1:200, sc-1708), Ran (1:500, sc-1156), tubulin (1:2,000, sc-5286).
2.11. Indirect immunoprecipitation
For immunoprecipitations under native conditions control and stressed cells
were extracted with 40 μg/ml digitonin in PBS for 5 min on ice. All subsequent
steps were carried out at 4 °C. Cells were washed with cold PBS and proteins
were solubilized in PBS, 1% NP40, 2.5 mM NaF, 20 mM β-glycerophosphate,
1 mM NaN3, and a mixture of protease inhibitors (aprotinin, leupeptin,
pepstatin, each at 1 μg/ml, 1 mM PMSF). After 10-min incubation, samples
were vortexed several times with glass beads, cleared by centrifugation (5 min,
15,000 rpm, microfuge) and pre-treated with protein G-Sepharose (Pharmacia
Biotech, Baie d'Urfé) for 30 min with gentle agitation. Supernatants obtained
after 5 min centrifugation at 13,000 rpm were incubated with antibodies against
importin-α1, Nup153 or Nup88 for 1 h, followed by addition of protein-G-
Sepharose and overnight incubation. Beads were collected by centrifugation
(3 min, 13,000 rpm) and washed three times with PBS/1 mM NaN3. Bound
material was released by incubation in gel sample buffer for 10 min at 95 °C and
supernatants (5 min, 13,000 rpm, room temperature) were subjected to Western
blot analysis.
2.12. Affinity purification with immobilized importin-α
His6-tagged importin-α was purified from bacteria and dialyzed against
20 mM MOPS, 100 mM sodium acetate, 5 mM magnesium acetate, 5 mM
imidazole, 2.5 mM NaF, pH 7.1 (binding buffer). Ni-TA resin (Qiagen) was
preloaded with importin-α in binding buffer for 1 h at 4°C and washed three
times with binding buffer. Crude extracts were generated from digitonin-treated
control or stressed cells in binding buffer containing 0.5 mM DTT, 0.5% SDS
and protease inhibitors (aprotinin, leupeptin, pepstatin, each at 1 μg/ml; 1 mM
PMSF). Samples were diluted into binding buffer containing protease inhibitors
and Triton X-100 to give a final concentration of 1% Triton X-100, 0.1% SDS
and 0.1 mM DTT. Samples were vortexed with glass beads, centrifuged (3 min,
13,000 rpm) and incubated with immobilized importin-α for 1 h at 4 °C. Beads
were washed three times with binding buffer containing 1% Triton X-100 and
bound material was analyzed by Western blotting.
2.13. Protein crosslinking and gel chromatography
Control andDEM-treated cells were extracted with 40 μg/ml digitonin in PBS
for 5 min on ice, washed with ice-cold PBS and incubated with 0.2 mM 3.3′-
Dithiobis[sulfosuccinimidylproprionate] (DTSSP, Pierce, Rockford, IL) in PBS
for 1 h on ice. Plates were washed with ice-cold PBS and stored at −70 °C.
Proteins were solubilized in 10 mM Tris–HCl pH 7.4, 1% SDS, 2.5 mM NaF,
1 mM NaN3, containing protease inhibitors (aprotinin, leupeptin, pepstatin, each
at 1 μg/ml; 1 mMPMSF). Samples were vortexedwith glass beads and cleared by
centrifugation (3 min, 13,000 rpm, microfuge). Supernatants were separated on a
Superose-12 column (Pharmacia) and eluted in 10 mM Tris–HCl pH 7.4, 0.1%
SDS. A total of 25 fractions (1 ml) were collected and aliquots of each fraction
were analyzed by Western blotting. For indirect immunoprecipitation, peak
fractionswere pooled and concentratedwithAmicon centrifugal filters (Molecular
weight cut off 10 kDa). Samples containing 10 mM Tris–HCl pH 7.4, 150 mM
NaCl, 0.1% SDS, 1% NP40, 2.5 mM NaF, 20 mM β-glycerophosphate, 1 mM
NaN3, and a mixture of protease inhibitors (aprotinin, leupeptin, pepstatin, each at
1 μg/ml; 1 mM PMSF) were pre-treated with protein G-Sepharose and incubated
with anti-Nup153 or anti-Nup88 antibodies as in Section 2.11.
2.14. Extraction of unfixed HeLa cells
Samples were treated with buffer, detergent, DNase, NaCl, DNase+RNase
essentially as described in ref. [41]. After each step samples were processed for
Fig. 1. Effect of DEM on nuclear envelope integrity. HeLa cells transiently synthesizing GFP-β-galactosidase were incubated for 4 h with ethanol (control) or DEM as
indicated. Cells were fixed and the reporter protein localized by fluorescence microscopy (GFP-β-gal). Nontransfected HeLa cells were incubated with ethanol, 2 mM
or 5 mMDEM. Fixed cells were semi-permeabilized with digitonin and incubated with anti-lamin B antibodies [42]. Nuclei were located with DAPI. Note that GFP-β-
gal appears in nuclei and lamin B is accessible to antibodies only after treatment with 5 mM, but not 2 mM DEM.
408 M. Kodiha et al. / Biochimica et Biophysica Acta 1783 (2008) 405–418indirect immunofluorescence. Confocal imaging for each antigen was carried
out at identical settings for all extraction steps.3. Results
3.1. The effect of diethyl maleate (DEM) on nuclear envelope
integrity
To determine whether DEM treatment alters the permeability
barrier of nuclear envelopes (NEs), we incubated HeLa cells
with 1, 2 and 5 mM DEM or the solvent ethanol for 4 h at 37 °C
(Fig. 1). Changes in nuclear membrane integrity were monitored
with two independent assays [42]. First, HeLa cells wereFig. 2. Flow cytometry. HeLa cells were incubated with ethanol or 2 mM DEM for 4
Annexin V or propidium iodide (PI) was quantified for 10,000 cells. Means and statransiently transfected with a plasmid encoding GFP-β-
galactosidase, a fusion protein that is excluded from the nucleus.
The absence of GFP-β-galactosidase from the nucleus indicates
that the NE is intact (Fig. 1). Second, we tested whether
antibodies against lamin B have access to the nuclear lamina
when cells were fixed and treated with the detergent digitonin
[42]. Digitonin permeabilizes the plasma membrane, but leaves
the NE intact, and staining with anti-lamin B antibodies is only
observed when NEs have been disrupted. Both the localization
of GFP-β-galactosidase and binding of antibodies against lamin
B revealed that after 2 mM DEM treatment nuclear membranes
remained intact, but became permeable upon incubation with
5 mM DEM (Fig. 1 and reference [42]).h and further treated as described in Materials and methods. Binding of FITC-
ndard deviations are depicted for two separate experiments.
Fig. 3. The oxidant DEM interferes with nuclear import in growing HeLa cells. Transiently synthesized reporter proteins (A, B) and endogenous cargos (C) were localized in HeLa cells grown for 4 h under non-stress
(ethanol) or stress conditions (DEM). NLS-GFP import is constitutively active; GR-GFP is transported into nuclei upon addition of dexamethasone (dexam.). (C) Endogenous proteins HuR and galectin-3 were located by
indirect immunofluorescence. DAPI staining of the nuclei and signals for fluorescent reporter proteins are shown. The nuclear/cytoplasmic ratio (nuc/cyt) of fluorescence was quantified for each cargo. The ratio for
control cells incubated with ethanol was defined as 1. Means and STDEVare shown; ⁎⁎Pb0.01. Note that a reduction of the nuc/cyt ratio of reporter proteins upon DEM treatment is consistent with less efficient nuclear
import.
409
M
.
K
odiha
et
al.
/
B
iochim
ica
et
B
iophysica
A
cta
1783
(2008)
405–418
410 M. Kodiha et al. / Biochimica et Biophysica Acta 1783 (2008) 405–4183.2. Recovery of cells from DEM-induced oxidative stress
To test the effect on cell viability, we treated cells for 4 h with
2 mM DEM, allowed them to recover overnight and quantified
the percentage of apoptotic and necrotic cells. In ethanol treated
controls, approximately 4% of the cells were apoptotic or
necrotic, which increased to approximately 20% upon incuba-
tion with DEM (Fig. 2). However, about 70% of the DEM-
treated cells were neither necrotic nor apoptotic, suggesting that
the majority of cells recovered from DEM-induced stress.Fig. 4. Effect of DEM on the location of Ran (A), importin-α (B), CAS (C), nucleo
ethanol (control), 2 mM or 5 mM DEMwere fixed and different proteins were localiz
in Materials and methods. Nuclei were visualized with DAPI.3.3. DEM treatment interferes with nuclear protein import
To determine whether DEM affects nuclear import, different
substrates were analyzed, including transiently synthesized
reporter proteins tagged with GFP or endogenous substrates
HuR and galectin-3. The nuclear/cytoplasmic (nuc/cyt) dis-
tribution was quantified for each cargo for non-stress or stress
conditions, and the nuc/cyt ratio in unstressed cells was defined
as 1. A reduction of the nuc/cyt ratio in stressed cells would be
consistent with impaired nuclear import.porins Nup153 (D), Nup88 (E) and Nup50 (F). HeLa cells treated for 4 h with
ed by indirect immunofluorescence followed by confocal microscopy as detailed
Table 1
Location of soluble transport factors and nucleoporins in control and DEM-
treated cells
Protein Control conditions (ethanol) Oxidative stress (2 mM DEM)
Ran N≫C N≫C
Importin-α NE, N+C NNC
CAS N≥C, N+C NNC
Nup153 NE (NE), NNC
Nup88 NE, (NbC) (NE), N+C
Nup50 NNC N≫C
Proteins were located by indirect immunofluorescence after 4 h incubation under
control (ethanol) conditions or treatment with DEM. N≫C, nuclear accumula-
tion with no or little cytoplasmic staining; NNC, nuclear accumulation with
cytoplasmic staining; N≥C, weak nuclear accumulation with well defined
cytoplasmic staining; N+C, equal staining in nucleus and cytoplasm; NE,
nuclear envelope.
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NLS-GFP, which carries the SV40-NLS, the fluorescent
reporter accumulates in nuclei only when classical nuclear
import is constantly active [31]. Upon treatment with 2 mM
DEM the amount of NLS-GFP in the cytoplasm was increased,
indicating that classical import was less efficient (Fig. 3A). The
fluorescent tag GFP did not change its localization in the
presence of DEM; GFP was nuclear and cytoplasmic under all
conditions tested (not shown).
A different reporter protein, GFP-tagged glucocorticoid
receptor (GFP-GR [36]) is imported into the nucleus by
importin-α/β1 and importin-β7 [43]. In the absence of hormone,
GFP-GR was nuclear as well as cytoplasmic (Fig. 3B). Addition
of dexamethasone resulted in the rapid nuclear accumulation of
GFP-GR in unstressed cells (Fig. 3B), whereas most of the DEM-
treated cells failed to concentrate GFP-GR in nuclei.
Using nontransfected cells, the effect of oxidative stress on
endogenous substrates HuR and galectin-3 was analyzed. Both
proteins are involved in RNA transport or processing and
transported into nuclei via the classical importin-α dependent
pathway [44,45]. HuR is nuclear under normal conditions,
whereas a significant amount is cytoplasmic in stressed cells.
Galectin-3, nuclear and cytoplasmic in unstressed cells,
becomes less abundant in the nuclei following DEM exposure.
Taken together, DEM treatment reduces the nuc/cyt ratio of
GFP-tagged reporter proteins and endogenous cargos HuR and
galectin-3 when compared with controls. These results are in
line with the idea that DEM-induced oxidative stress interferes
with nuclear protein import under conditions that leave the
nuclear envelope intact.
3.4. Ran remains concentrated in nuclei upon incubation with
2 mM DEM
Stress can affect the nucleocytoplasmic Ran gradient and
severe oxidative stress leads to a collapse of the gradient,
ultimately causing the inhibition of nuclear transport [31].
However, Ran did not relocate significantly at 2 mM DEM. By
contrast, the GTPase concentration gradient collapsed after
treatment with 5 mM DEM (Fig. 4A), conditions that
permeabilize the nuclear envelope (Fig. 1). This suggested
that a loss of the nucleocytoplasmic Ran concentration gradient
is not the key factor that interferes with nuclear transport upon
treatment with 2 mM DEM and prompted us to analyze the
effect of DEM on other nuclear transport components.
3.5. Importin-α, CAS, Nup153, Nup88 and Nup50 mislocalize
in DEM-treated cells
Importin-α, a subunit of the dimeric classical import receptor,
is exported from the nucleus by the importin-β-like carrier CAS.
In HeLa cells, both importin-α and CAS concentrated in nuclei
when cells were treated with 2 mM DEM, but not with the
solvent ethanol (Fig. 4B, C). Interestingly, importin-α and CAS
also accumulated in nuclei after a 5 mM DEM treatment, i.e.
conditions that permeabilize the NE. This suggests that nuclear
retention contributes to their nuclear concentration after oxidantexposure (see Fig. 7). In contrast, the localization of importin-β1
was not drastically changed at any of the DEM concentrations
tested (not shown).
In addition, nucleoporins Nup153, Nup88 and Nup50 were
localized in control and stressed cells. These nucleoporins were
chosen because they contribute to different aspects of nuclear
trafficking (see Introduction); Nup153 participates in nuclear
import and export, Nup88 is involved in export and Nup50
stimulates importin-α-dependent nuclear import. Both Nup153
and Nup88 displayed a “ring like” staining of the nuclear
periphery under non-stress conditions, and Nup88 was also
detected in the cytoplasm. In control cells, Nup50 associated
mostly with nuclei, but was present in the cytoplasm as well
(Fig. 4D, E, F). After DEM treatment changes were observed
for all of the nucleoporins (summarized in Table 1). Nup153 and
Nup88 were detected in the nucleoplasm, and substantially
more Nup88 was located in the cytoplasm, whereas Nup50 was
no longer detected in the cytoplasm (Fig. 4D, E, F). Inter-
estingly, in stressed cells the fluorescence signals for Nup153
increased, similar to the stronger signals obtained after Western
blotting (see below).
3.6. Effect of DEM exposure on in vitro nuclear accumulation
of transport factors
Different mechanisms may contribute to the nuclear
accumulation of importin-α and CAS in DEM-treated cells;
this may include an increase in nuclear import. We therefore
measured the nuclear concentration of fluorescently labeled
importin-α and CAS upon incubation with semi-intact cells.
Since importin-α and CAS can be transported into nuclei in
vitro by cytosol-dependent and independent pathways [46],
nuclear accumulation was tested for six different conditions
(Fig. 5). First, unstressed and stressed cells were semi-
permeabilized and analyzed in the absence of exogenously
added cytosol (Fig. 5A,B). Second, unstressed and stressed
semi-intact cells were combined with cytosol prepared from
control or DEM-treated cells (Fig. 5B). To detect minor
differences in nuclear accumulation, the intranuclear fluores-
cence was measured for all of the conditions. There was little
effect on importin-α nuclear accumulation for any of the
Fig. 5. Stress-induced changes in nuclear accumulation of importin-α and CAS. (A) In vitro nuclear import of fluorescently labeled importin-α and CAS was carried
out with semi-intact HeLa cells. Nuclear import was carried out in vitro with fluorescently labeled importin-α or CAS in the absence (−) or presence of exogenously
added cytosol. Cytosol was prepared from unstressed controls (un) or DEM-treated cells (DEM). (B) Mean intranuclear fluorescence was quantified as described in
Materials and methods. Fluorescence intensities obtained for unstressed cells were defined as 100% (white bars).
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unstressed cells were supplemented with stressed cytosol
(Fig. 5B). For CAS, nuclear import was significantly higher
when cytosol and semi-intact cells or cytosol only had been
treated with DEM. The strongest effect was seen with cytosol
prepared from DEM-treated cells, which increased nuclear
import to about 140% of control samples (Fig. 5B). Thus,
oxidative stress upregulates nuclear import and/or reduces
nuclear export of CAS, thereby increasing the steady-state
concentration of the carrier in nuclei in vitro. Based on theFig. 6. (A) Effect of DEM on protein abundance. HeLa cells were incubated with the
100 μg/ml as indicated. Equal amounts of protein from whole cell extracts were an
factors in growing cells. Nuclear extracts from control and stressed cells were used to i
detected by Western blotting of the immunoprecipitates. Aliquots of the starting m
Nup153 and Nup88 with importin-α. Immunoprecipitations with anti-Nup153 and an
analyzed for the presence of importin-α, hsc70 and actin. (D) Binding of nuclear tran
from bacteria and immobilized on Ni-NTA beads. Equal amounts of protein from n
analyzed by Western blotting. Input shows 10% of the starting material used for affini
these conditions. (E) Importin-α forms high molecular weight complexes with Nup
digitonin and proteins were reversibly crosslinked. Equal amounts of crosslinked pro
containing high molecular mass complexes (molecular mass of N1MD) were analyz
obtained under identical conditions. (F) High molecular mass complexes obtained
Nup88 antibodies. Input represents 8% of the starting material. Note that prolonged
purification of importin-αwith Nup153 and Nup88 peak fractions were split into three
by quantitative Western blotting [39]. Importin-α present in the input was defined aquantification shown in Fig. 5B DEM may also stimulate the
cytosol-dependent nuclear concentration of importin-α, albeit to
a lesser extent when compared with CAS.
3.7. Effect of DEM on the stability of transport factors
Oxidative stress may trigger the degradation of transport
factors and the effect of DEM on protein levels was analyzed in
control and oxidant-treated cells that had been incubated in the
absence or presence of cycloheximide (Fig. 6A). Crude extractssolvent ethanol (-DEM) or 2 mM DEM for 4 h. Cycloheximide was present at
alyzed side-by-side. (B) Interaction of importin-α with other nuclear transport
mmunoprecipitate importin-α under native conditions. Co-purified proteins were
aterial (Input) represent 8% of the immunoprecipitates (IP). (C) Interaction of
ti-Nup88 were carried out as described for part (B). Immunopurified material was
sport factors to purified importin-α in vitro. His6-tagged importin-α was purified
uclear extracts were added to immobilized importin-α and material bound was
ty purification. Note that Nup153 and Nup88 were efficiently pulled down under
153 and Nup88 in nuclei. Control and DEM-treated cells were extracted with
tein were separated by gel exclusion chromatography (FPLC) and peak fractions
ed by Western blotting. ECL-signals for control and DEM-treated samples were
after FPLC were analyzed by immunoprecipitation with anti-Nup153 and anti-
exposure times were required to visualize importin-β1. (G) To quantify the co-
identical samples to measure the input or co-purification with Nup153 or Nup88
s 100%. The graph shows means and STDEVof four independent experiments.
413M. Kodiha et al. / Biochimica et Biophysica Acta 1783 (2008) 405–418were prepared for whole cells and comparable amounts of
protein were separated in parallel. The amounts of importin-β1
were somewhat decreased by DEM, but the concentration of
other proteins was not drastically reduced. Furthermore, West-ern blotting did not reveal the accumulation of proteolytic
degradation products after DEM treatment (not shown). Inter-
estingly, the levels of Nup153 were slightly increased upon
incubation with DEM, even in the presence of cycloheximide.
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tion (Fig. 4D) this may indicate that DEM treatment stabilizes
Nup153.
In summary, Western blot analyses support the idea that the
nuclear distribution of importin-α, CAS, Nup88 or Nup153 in
oxidant-treated cells represents the relocation of intact proteins
and not simply a mislocalization of their proteolytic products
generated upon stress.
3.8. Importin-α stably associates with Nup153 and Nup88 in
nuclei of growing cells
The nuclear localization of importin-α could be controlled
by its interaction with other components in the nucleus. To
address this question, we immunoprecipitated importin-α from
crude nuclear extracts under native conditions and monitored
the co-purification of transport factors. This approach identifies
stable associations, whereas transient or unstable interactions of
importin-α as well as interactions that are disrupted by the
antibody will be missed. For the experiments shown in Fig. 6B
we used the same amounts of nuclear proteins from control and
DEM-treated cells as starting material. Nup153 associated with
importin-α under control and stress conditions, whereas Nup88
was not detected in immunoprecipitates. The absence of Nup88
from complexes isolated with anti-importin-α antibodies may
suggest that this antibody interferes with the Nup88/importin-α
interaction, since both proteins co-purified when anti-Nup88
antibodies were used and in pull down experiments (see below
Fig. 6C, D). As expected, only little importin-β1 co-purified
with importin-α in nuclear extracts of unstressed cells, as import
complexes are disassembled in the nucleus. This co-purification
of importin-β1 was further reduced after DEM treatment. The
specificity of the interaction between Nup153 and importin-α is
demonstrated by the fact that other members of the FXFG
family, including Nup62 and Nup214, did not co-purify with
importin-α. Likewise, CAS, hsc70, actin or tubulin did not
bind to importin-α under these conditions (Fig. 6B). Further-
more, immunoprecipitation with anti-Nup153 or anti-Nup88
under native conditions both led to the co-purification of
importin-α (Fig. 6C), in line with the idea that nucleoporins
form complexes with this transport factor in nuclei. Neither
hsc70 nor actin co-purified with Nup153 or Nup88 under these
conditions.
Taken together, immunoprecipitation under native condi-
tions indicates an association of importin-α with Nup153 and
Nup88; this hypothesis is further substantiated by the results
described below.
3.9. Importin-α associates with Nup153 and Nup88 in crude
extracts
Immobilized importin-α was used as bait in vitro to purify
binding partners from nuclear extracts prepared from control or
DEM-treated cells (Fig. 6D). With this approach, Nup153 was
efficiently pulled down, when compared to the starting material
(Input, 10% of the pull down). A substantial amount of Nup88
was also affinity-purified, whereas CAS, importin-β1, actin,tubulin or the FXFG nucleoporin Nup62 did not associate with
immobilized importin-α. Minor amounts of hsc70s were
affinity-purified with immobilized importin-α as well.
3.10. Importin-α is present in high molecular mass complexes
that contain Nup153 and Nup88
Interactions of importin-α with other proteins could be
transient only, unstable under the conditions used for co-
purification or promoted by in vivo post-translational modifica-
tions of the bait. To address this problem, we reversibly
crosslinked proteins and analyzed components present in high
molecular mass complexes. Since crosslinking interfered with
anti-importin-α immunoprecipitation, we solubilized com-
plexes in SDS and separated them by gel exclusion chromato-
graphy using a Superose-12 column. Individual fractions were
probed for the presence of transport factors and importin-α was
detected in a high molecular mass fraction, which eluted at a
position similar to the marker dextran blue (Mol. mass
∼2×106). The same fraction also contained Nup153 and
Nup88, whereas CAS and importin-β1 were either absent or
hardly detectable (Fig. 6E and data not shown). Complexes
containing importin-α could be prepared from control and
DEM-treated cells; however, the relative amounts of Nup153,
Nup88 and hsc70 were substantially increased in complexes of
stressed cells.
It was possible that importin-α, Nup153 and Nup88 were
components of distinct protein complexes that have a similar
molecular mass. Since crosslinking interfered with anti-
importin-α immunoprecipitation, we addressed this point with
antibodies against Nup153 and Nup88. Using high molecular
mass complexes as starting material, both antibodies co-
precipitated importin-α, supporting the idea that importin-α/
Nup153 and importin-α/Nup88 complexes were generated. For
complexes containing importin-α/Nup153 or importin-α/
Nup88 we did not detect importin-β1, Nup214, actin or tubulin,
even after prolonged exposure of the filters (Fig. 6F,
summarized in Table 2). Importantly, Nup153 and Nup88 co-
purified under these conditions, indicating a Nup153/Nup88
association. These results established complexes that contained
importin-α/Nup153, importin-α/Nup88 or Nup153/Nup88.
However, the experiments did not determine whether com-
plexes are generated that harbor all three components (see
model, Fig. 8). To begin to address this question, we used
identical samples to quantify the input (defined as 100%) and
the amounts of importin-α that co-purified with anti-Nup153 or
anti-Nup88 (Fig. 6G). In these experiments, 81% of importin-α
was precipitated with anti-Nup153 and 68% with anti-Nup88
antibodies, suggesting that at least some of complexes con-
tained importin-α, Nup153 and Nup88 (see Discussion and
model, Fig. 8).
3.11. Stress increases the nuclear retention of importin-α, CAS,
Nup153 and Nup88
The nuclear accumulation of importin-α and CAS may be
explained by increased nuclear import, increased nuclear
Fig. 7. Oxidative stress increases the nuclear retention of importin-α and CAS. Control and DEM-stressed cells were incubated with KM buffer followed by treatment with NP40, washing with buffer and treatment with
DNase, salt as well as DNase+RNase [41]. Samples were fixed after each step and proteins were located by indirect immunofluorescence. For each protein, all samples were visualized with identical settings of the
confocal microscope.
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Table 2
Analysis of high molecular mass complexes in nuclei of DEM-treated cells
Protein Anti-Nup153 IP Anti-Nup88 IP
Importin-α + +
Nup153 + +
Nup88 + +
Nup214 − −
Importin-β1 − −
Hsc70 (+/−) (+/−)
Actin − −
Tubulin − −
High molecular mass complexes obtained after FPLC were subjected to
immunoprecipitation with anti-Nup153 and anti-Nup88 antibodies. Immuno-
precipitates were separated by SDS-PAGE and Western blots were probed with
antibodies against the proteins listed. Results are shown for at least three
independent experiments. Co-purification is indicated by +, variable amounts of
hsc70s co-purified with anti-Nup153 and anti-Nup88 are shown as (+/−).
Proteins listed as − were not detected in immunoprecipitates.
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mechanisms. Quantitative analysis of in vitro nuclear trafficking
of importin-α and CAS revealed that DEM treatment somewhat
increased CAS and importin-α nuclear accumulation in vitro
(Fig. 5). Since results described in the previous section
suggested that the complex formation between importin-α andFig. 8. Simplified model for the isolation of high molecular mass complexes containin
may contain Nup153, Nup88 and/or importin-α as depicted. For simplicity, other sub
details.other proteins in the nucleus changes upon oxidant treatment,
we tested whether these changes may correlate with stress-
induced nuclear accumulation. To this end, control and DEM-
treated cells were extracted with detergent, nucleases and salt.
After each step, the presence of transport factors and
nucleoporins was monitored by indirect immunofluorescence
(Fig. 7, Suppl. Fig. 1, 2, 3). Individual proteins were solubilized
at different steps of the procedure; however, in response to
stress all of the components tested became less soluble. For
instance, importin-α was readily extracted in control cells, and
after DNase incubation only faint signals were observed. By
contrast, upon DEM treatment a portion of importin-α remained
associated with nuclei and was not extracted by any of the
treatments (Fig. 7). Thus, the extraction of unfixed cells supports
the interpretation that DEM-induced oxidative stress upregu-
lated the nuclear retention of importin-α, CAS and several
nucleoporins, including Nup153 and Nup88, while the forma-
tion of high molecular mass complexes containing importin-α,
Nup153 and Nup88 increased.
4. Discussion
We have analyzed the effects of the oxidant DEM on nuclear
trafficking and demonstrated the mislocalization and nuclearg Nup153 or Nup88. High molecular mass complexes analyzed in Fig. 6E and F
units of the complexes which have yet to be identified were omitted. See text for
417M. Kodiha et al. / Biochimica et Biophysica Acta 1783 (2008) 405–418retention of several nuclear transport factors. Under the stress
conditions used by usmost of the cells remained viable, although
the number of apoptotic and necrotic cells was somewhat
increased. These conditions are likely to mimic exposure to
physiological stresses or the pathophysiologies seen upon
ischemia/reperfusion damage [5–9].
The analyses of GFP-tagged reporter proteins or endogenous
substrates HuR and galectin-3 show that the nuc/cyt ratio for all
proteins is reduced by DEM treatment, consistent with an
oxidant-induced inhibition of nuclear import. However, it
should be kept in mind that the nucleocytoplasmic distribution
of HuR and galectin-3, like most endogenous cargos, is
probably subject to additional regulation, including nuclear
export and interactions with nuclear or cytoplasmic anchors.
Our experiments do not address the question to which extent
DEM alters these processes.
Our studies show for the first time that oxidant treatment not
only relocates the soluble transport factors importin-α and CAS,
but also nucleoporins Nup153 and Nup88. Interestingly, not all
transport factors are affected by oxidative stress to the same
extent, as we did not observe a strong effect on the localization
of importin-β1. Moreover, we did not detect drastic changes in
the nucleocytoplasmic Ran concentration gradient, which is
sensitive to severe forms of stress that inhibit nuclear transport
and may ultimately lead to cell death [31].
Results obtained for importin-α, CAS and nucleoporins are
of particular interest with respect to nuclear protein trafficking.
These components are required for nuclear transport of a wide
variety of cargos, either as subunit of the classical NLS-
receptor, to recycle importin-α to the cytoplasm or for the
translocation of transport complexes across the NPC. Moreover,
transport of proteins into the nucleus is an essential step of the
stress response and necessary to cope with stress-induced
damage, including exposure to oxidants. For instance, follow-
ing oxidative stress transcription factors NF-κB, Nrf2 and
members of the FoxO family translocate into the nucleus where
they induce the expression of genes that encode antiapoptotic
proteins or detoxifying enzymes [47–49]. Changes in the
steady-state distribution of importin-α and CAS may inhibit
these processes or render them less efficient.
Oxidative stress not only changes the distribution of soluble
transport factors and nucleoporins, but also alters their inter-
actions in the nucleus. Specifically, oxidant treatment leads to
the formation of high molecular mass complexes which is
accompanied by an increase in nuclear retention. Our experi-
ments show for the first time that oxidant treatment relocates
several nucleoporins to the nuclear interior, where they become
components of high molecular mass complexes. These com-
plexes contain importin-α, Nup153 and Nup88, but not CAS,
suggesting that importin-α associates with a defined set of
proteins in nuclei of stressed cells. Although importin-α con-
taining high molecular mass complexes were isolated from
control and stressed cells, the levels of Nup153 and Nup88
substantially increased after DEM treatment. Further analyses of
high molecular mass complexes isolated from stressed cells
demonstrated that importin-α associates with Nup153 as well as
Nup88; furthermore, Nup153 binds to Nup88 (Fig. 8). This couldbe explained by the presence of different complexes containing
importin-α/Nup153, importin-α/Nup88 and Nup153/Nup88, a
complex harboring importin-α/Nup153/Nup88 or a mixture of
all four complexes. Quantitation of immunoprecipitations
showed that 81% of importin-α co-purified with Nup153 and
68%with Nup88, indicating that a portion of importin-α is likely
to associate with both nucleoporins to generate importin-α/
Nup153/Nup88 complexes.
Several scenarios can be proposed for the biochemical
mechanisms that may link oxidative stress to the changes
observed by us. For instance, oxidant treatmentmay lead to direct
damage of soluble transport factors and nucleoporins or changes
in signaling events. DEM may trigger not only the oxidation of
critical residues in importin-α, CAS and nucleoporins; it may
also activate signaling events that induce specific post-transla-
tional modifications of these proteins. As a consequence of
oxidation or other modifications, transport across the NPC and
retention within the cytoplasm or nucleus may be altered. With
respect to our results one could propose that oxidative stress alters
the affinity between importin-α and its binding partners in the
nucleus, thereby promoting nuclear retention. The changes in
affinity may result from the increased modifications of importin-
α, Nup153 and Nup88, either alone or in combination. Given the
molecular mass of the complexes isolated by us, they may
contain additional components yet to be identified. These factors
and their potential role in nuclear trafficking under normal and
stress conditions will have to be defined in the future.
Little is known about stress-induced changes in the dis-
tribution and function of nucleoporins. We have shown pre-
viously that severe stress triggers the degradation of Nup153
[31]. The impact of non-lethal stress on nucleoporins is only
poorly understood, but could play a role in human disease. For
instance, mutations in the nucleoporin ALADIN may cause
Triple A syndrome, and these mutations can also induce mis-
localization of ALADIN, hypersensitivity to oxidative stress and
defects in nuclear transport [50,51]. Our research demonstrates
that stress modulates the localization and interactions of several
nucleoporins in human cells. This sets the stage to further define
the role of nucleoporins in the change of nuclear functions under
stress and pathophysiological conditions.
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